The formation of resin fillet between honeycomb core cell walls and skin in light sandwich structures was studied to gain a better understanding of the bonding process. A method was developed for tailoring the amount of adhesive between 8 and 80 g/m 2 . The size of the adhesive menisci and the contact angles between the adhesive and the skin and the core materials were measured. A model was developed to predict the size of the menisci. Their shape was driven by the surface energy of skin and honeycomb materials. When adhesive films were used for bonding, up to 50% of the adhesive did not form the menisci whereas 100% did when the newly developed adhesive deposition method on honeycomb was used, which allowed better bonding with lower weight.
Introduction
Composite sandwich structures are increasingly used in applications requiring high strength and stiffness-to-weight ratio. These properties allow improved performance and reduction in weight, and are therefore of great interest in aeronautical applications [1] [2] [3] [4] , and in all applications where weight saving is a priority. The sandwich structures comprise skins adhesively bonded to a core. The skins are thin sheets of metal or composite of high strength and stiffness. The core is made of lightweight material such as balsa, foam or honeycomb. To design an optimal structure, i.e. with the highest strength-to-weight ratio, all failure modes of each constituent have to be considered. In fact, in the ideal structure, all failure modes should occur simultaneously [5, 6] . The elements which do not fail at the ultimate load level of the structure are over-designed, and thus their dimensions and weight can be reduced without decreasing the failure load of the structure. Therefore, the optimal design of the structure requires precise knowledge of the strength of the different constituents.
Energy saving by weight reduction is of primary importance for very high-tech applications such as ultra-light solar cars, ultralight airplanes or satellites. In those applications the use of ultralight sandwich structures is often the best solution to achieve a minimum weight design. The weight of these structures can be less than 1 kg/m 2 , which is extremely low in comparison with the usual sandwich construction for commercial airplanes or marine applications. Therefore, sandwich structures with thin facings and very low-density honeycomb cores are preferred. For the design of such ultra-light sandwich structures weighing less than 1 kg/m 2 , the criteria and methods used for traditional sandwich structures are not sufficient to ensure an optimal strength-to-weight ratio. The classic considerations governing core and skin strength as described in [7] [8] [9] can be used for a first predesign. However, in sandwich structures with thin skins, the dominant failure mode is often local instability of the skin in compression. The skin can either buckle into the core or debond from the core. The first case has been extensively studied and a summary of the most often used models is proposed in [10] . An improved model of the intra-cell buckling of the skin in the case of a honeycomb core was proposed by Thomsen and Banks [11] and was shown to provide more accurate predictions than the classic design formulae. Fagerberg and Zenkert [12] described a model which took into account the initial imperfection of the skins, thus enabling improved prediction of the wrinkling stress of the skin.
The failure of the structure due to core-skin debonding has also been studied by numerous authors. The test methods described in the ASTM standards [13] [14] [15] , as well as many variations and adaptations [16] [17] [18] [19] [20] have often been used to measure the core/skin debonding energy on sandwich panels using various core and skin materials. However, only a few studies have investigated the microscopic fracture mechanisms that occur during honeycomb core-skin debonding in sandwich panels. Okada and Kortschot [21] studied the importance of the resin fillet during core/skin delamination. They showed that a bigger resin fillet absorbs more energy during delamination, due to energy dissipation phenomena. In fact, because of the energy dissipation in the resin fillets, the strain energy release-rate value of the honeycomb core-to-skin bonding can exceed that of a laminate made from the skin material, even though the area of resin fractured is lower. Grove et al. [22] showed that the higher debonding energy was obtained with larger, regular-shaped adhesive fillets between the honeycomb cell walls and the skin. The same claim was made by Allegri et al. [23] who obtained the best bonding with their automated process ensuring the formation of a regular-shaped meniscus. Rion et al. [24] showed that failure occurs in the adhesive meniscus when low adhesive weight is used, and so further demonstrated the necessity of forming a regular-shaped adhesive meniscus. They also observed that debonding energy of the skin measured with climbing drum peel test increased with meniscus size until the failure occurred in the honeycomb core, and not anymore in the menisci. Hayes et al. [25] showed that not only the size, but also the quality of the resin fillet plays a role. They made a sandwich with a commercial self-adhesive prepreg and a home-made model prepreg with less solvent content. They showed that the solvent leads to porosity formation and then to a decrease in debonding energy.
Chanteranne [26] studied the influence of the honeycomb cell size on meniscus size. He found that the height of the fillets increased with the size of the honeycomb cells due to the larger amount of adhesive available, and that the associated debonding energy was higher. He also observed that the humidity level in the processing room and a primer treatment of the aluminium honeycomb can greatly influence meniscus height, and thus debonding strength, the greatest strength being associated with high menisci.
These different studies demonstrate the considerable influence of the microscopic failure process on the debonding energy. To understand these mechanisms, it is vital to know precisely the size and the shape of the meniscus. Furthermore, to be able to predict the debonding energy, the size and shape of the menisci have to be predicted. Therefore, the aim of this study was to develop a model allowing accurate prediction of the fillet size as a function of the properties of the different sandwich constituents. The model was tested using various adhesive quantities for core-to-skin bonding. To this end a method was developed allowing a choice of the amount of adhesive used for bonding the skin to the honeycomb core. This method and the model are a first step for the understanding of bonding mechanisms between honeycomb core and skin and will be useful for a subsequent optimization of the adhesive weight and process, i.e. for defining parameters giving highest strength to weight ratio.
Materials and methods

Materials and sandwich processing
The ultra-light sandwich structures studied were made of carbon fiber prepreg skins and honeycomb cores. The skins were fabricated with UD carbon-fiber prepregs with 66 wt% carbon fibers (200 g/m 2 T700 fibers from Toray), and an epoxy matrix (Advanced Composite Group (ACG) VTM 264). Carbon fibers were chosen because they offer the best strength and stiffness-to-weight ratio. The use of prepregs ensures a high fiber-to-resin fraction and enables the quantity of resin in the skin to be controlled accurately, thereby achieving high quality and good reproducibility, which are of primary importance in designing structural parts. sheets at the nodes and, after expanding to the hexagonal configuration, the core is dipped in phenolic resin to keep the shape. Honeycomb is known to be the core material offering the best stiffness and strength-to-weight ratio and is therefore widely used in the aerospace industry as well as in all domains requiring high specific mechanical properties. Nomex Ò honeycomb core is easily available at low density and was therefore chosen as core material.
The adhesive used for skin-to-core bonding was rubber-toughened epoxy resin (VTA 260 adhesive film from ACG), either 50, 150 or 300 g/m 2 , which offers good bonding capability on composite substrates and aluminium. As a first step, and in order to control exactly the amount of glue in the resin menisci forming between the skins and the honeycomb cell walls, the skins were cured separately under vacuum on an aluminium plate, so that the prepreg resin did not participate in the bonding process. The vacuum applied created a relative pressure of À0.9 bar under the vacuum bag. The skin was cured at 120°C for 70 min and the heating rate was 1°C/min. During this process, a peel-ply was placed on the skin to create surface roughness in order to improve subsequent bonding with the core (Fig. 1 ) [27] . It is essential to use a peel-ply which does not transfer any silicone or fluorinated elements onto the prepreg surface, otherwise the adhesion will be reduced dramatically. The peel-ply used in this study was A100 PS from Aerovac, a nylon fabric producing a medium texture. It has been observed that by using Silicone (Airtech Bleeder Lease B) and Teflon (Airtech Release Ease 234 TF NP)-coated peel-plies the skin peeling energy was reduced by 55% respectively 98% compared to the peel-ply used in this study.
The amount of adhesive for skin-to-core bonding was controlled using the following method (Fig. 2) . A paper coated with a thin layer of heat-curable epoxy was placed onto the honeycomb and maintained under slight pressure by means of a steel block. The assembly was subsequently put in a temperature-controlled oven (at 45, 50, 55, 60 or 70°C) for a few minutes (0.5-15 min), long enough to allow a drop in resin viscosity, but short enough to avoid the polymerization of the resin system. The paper was then removed immediately after taking the plate out of the oven, leaving an adhesive quantity on the honeycomb directly dependent on the time and temperature in the oven. This method was tested with 150 and 300 g/m 2 VTA 260 adhesive films from ACG and also with 86 g/m 2 EH84 resin system from Hexcel.
The honeycomb with the controlled amount of glue was finally placed on the cured carbon skin on an aluminium plate, and the panel was cured under vacuum at 120°C for 70 min following a heating ramp of 1°C/min. The same process was used for bonding the second skin.
Cross-sections of the sandwich panels were then prepared in order to investigate the morphology of the adhesive meniscus. Sam- Fig. 1 . Cross-section of carbon-fiber skin after peel-ply removal. The surface texture enables improved subsequent bonding, an increase in adhesive surface, and creates mechanical anchoring of the resin. ples were cut from the panels, and the honeycomb was cut between the two skins, so that the cells could be filled with embedding resin. The embedded samples were polished with SiC paper of grades 220, 500, 1000, 2400 and finally 4000 and the size of the meniscus was measured using optical microscopy. The depth of polishing was carefully controlled, so that the cross-section was in a zone perpendicular to the hexagonal cell wall. The shape and size of the meniscus between skin and cell wall could therefore be measured without need of correction factor due to misalignment problem.
Apparent contact angle measurements
The shape of the resin fillet is essentially a function of the contact angles of the adhesive on the skin and core material. The contact angles were measured on the cured prepreg surface (after removal of the peel-ply), and on the honeycomb cell walls using the sessile drop technique [28] [29] [30] . In the latter case, bands of Nomex were peeled from the honeycomb panel and fixed onto a plate in order to have a flat surface.
Small pieces of adhesive film were cut and deposited on the carbon or Nomex surface, and cured either at 80 or at 120°C in order to observe the effect of the processing temperature. Shrinkage of the resin during curing may slightly change the shape of the drop, and so the contact angles measured in the solid state are not the real contact angles of the resin, but apparent contact angles. Furthermore, the pronounced roughness of the surfaces, especially the prepreg surface after peel-ply removal, has a significant influence on the contact angle. Indeed the free energy of the surface is increased as a result of the increase of the effective surface and thus changes the contact angle. The theory of Wenzel enables the real contact angle on a smooth surface to be calculated, based on the contact angle measured on the rough surface and a roughness parameter [31] [32] [33] . This shows that the contact angle will be decreased on a rough surface when the liquid wets the surface, and will be increased when the angle is larger than 90°. The improved wetting of the prepreg surface treated with peel-ply has been highlighted by Benard et al. [34] and it is particularly interesting to have good adhesion on the surface. The contact angle measured in the present study is the apparent contact angle on the rough surface. As the modeling of the meniscus formation only requires the contact angles with the real rough surface, the corresponding true contact angle on a smooth surface was not calculated.
A significant contact angle hysteresis was observed, and the advancing and receding angles were measured. This effect is usually attributed to surface roughness and heterogeneities [28] . For the advancing angle, small balls of adhesive were laid on the surface and then spread spontaneously over the surface during curing.
For the receding angle, small pieces of 50 lm thick adhesive film were laid on the surface and these retracted due to surface tension during curing to form sessile drops.
The size of the drop is limited by gravity effects. The influence of gravity on the shape of the drop is characterized by the Bond number [28] B
where g is the acceleration due to gravity, Dq the difference of density between the air and the liquid forming the drop, R is the radius of a sphere with the same volume as the sessile drop, and c is the surface tension of the liquid. When the Bond number is zero, the drop is a truncated sphere. To estimate the Bond number in the present case, and as the surface tension of the adhesive is not known, values of surface tension of an epoxy resin system (Ciba, LY 5082) as measured by Page et al. [35] using the Wilhelmy slide method [28, 30] were used. They ascertained a surface tension of about 35 mJ/m 2 for the uncured resin at room temperature. They showed that surface tension decreases slightly when temperature increases (33.6 mJ/m 2 at 80°C), and increases with the rate of conversion during curing ($43 mJ/m 2 fully cured at 80°C). However, the change of the Bond number due to these variations is negligible. Considering g = 9.81 m/s 2 , the difference between resin density and air Dq = 1189 kg/m 3 and R = 0.4 mm which corresponds to the drops considered in the measurements, the Bond number is 0.05. According to the work of Smith and Van De Ven [36] , using this Bond number, associated with the small value of the contact angles measured, the error in angle measurement due to gravity (considering that the drop has a spherical shape) is less than 0.5°, which is smaller than the standard deviation of the measurements. As the viscosity of the adhesive is a function of the temperature, the drops were cured either at 80 or at 120°C in order to determine the influence of the temperature on the contact angle. Curing was carried out at atmospheric pressure as well as under vacuum.
After curing, the drops were cross-cut and polished to the center with SiC paper of grade 1000. The advance of the polishing was Fig. 2 . Adhesive deposition method. The steel block was used to press the adhesive onto the honeycomb. After removing the paper, a thin and controlled adhesive layer stayed on the honeycomb.
controlled with an optical microscope in order to stop polishing at the center of the drop. The drop diameter was measured prior to polishing using the microscope and the polishing was stopped when half of the drop diameter was removed. The height h of the drop and the diameter L of the contact line circle (see Section 4) were measured under microscope in order to calculate the contact angle h:
Fillet shape modeling
The resin fillets are 3D structures with hexagonal symmetry. Their cross-section is, however, independent of position along most of the honeycomb cell wall, with only a small change in the corner of the hexagonal cell. Therefore, to predict the shape of the resin fillet, a 2D model was designed with two perpendicular planes and a resin fillet (Fig. 3) . The two contact angles h 1 and h 2 were defined by the different surface tensions, and the area under the meniscus A was fixed by the volume of adhesive, considered to be incompressible.
By using the Young-Laplace equation [28] DP ¼ c lv
where R 1 and R 2 are the two radii of curvature of the meniscus surface, c lv the surface tension of the adhesive at liquid vapor interface, DP is the pressure difference between the inside and outside of the meniscus, and, considering that for the 2D case R 2 is infinite, we have
If the effect of gravity is disregarded, DP is constant and thus R is also constant [37] . The free surface of the meniscus is circular with radius and center determined by the contact angles and the area of the meniscus. This result was also obtained by considering equilibrium equations, as represented in Fig. 3 : 
we obtain DP c lv
which is exactly the Young-Laplace equation for the 2D case. The center of the circle can easily be determined as
The fillet should thus have a concave shape if the contact angles are smaller than 90°, i.e. if the adhesive wets the surfaces. The radius of the circle is determined by the area of the resin fillet (Fig. 4 ) using following equations:
However, the area of the meniscus depends of the quantity of adhesive available for its formation. This was well-controlled when the adhesive forming the meniscus was directly put onto the honeycomb, as described in Fig. 2 , and the skin was already cured, but in cases where adhesive film, or one-shot processing were used, the amount of resin from the adhesive film and from the prepreg forming the meniscus was unknown and depended on the processing conditions, i.e. mainly the temperature and the level of vacuum applied.
The relation between the height of the meniscus L 1 and the weight per unit area of adhesive could be easily calculated for honeycomb with hexagonal cells working on the hypothesis that the 2D model is valid in the entire honeycomb cell. Actually, in the cell corners between two adjacent cell walls, the meniscus presents a double curvature which changes the geometry. Nevertheless, in case of small menisci (L 2 /d $ 0.1), the deviation is only located in the cell corners and the 2D model is valid on the largest part of the cells. By assuming a triangular meniscus of height L 1 and width L 2 , the volume of adhesive contained in one hexagonal cell is
where d is the outer diameter of the honeycomb cell, i.e. the distance between two opposite corners of the hexagonal cells. As the surface of one honeycomb cell is
the adhesive areal weight depends on the size of the fillet according to:
where q is the density of the adhesive and a the ratio between the real meniscus and the triangular shape approximation (Fig. 5) , given by
Knowing the contact angles of the adhesive with the skin and honeycomb, the shape and size of the meniscus could then be predicted with Eqs. (13)- (18) . In the Young-Laplace equation (4), if the meniscus forms with a concave shape (Fig. 4) , R is positive and thus DP is positive. This means that the pressure in the meniscus is lower than the ambient pressure. This explains why the resin flowed in the meniscus. If the radius is convex, DP is negative and the meniscus can not form. Furthermore, DP decreases when R increases. As the system will automatically tend to equilibrium, the radius tends to be as big as possible, as a function of the adhesive available, and as long as gravity can be disregarded. So when equilibrium is reached, the quantity of adhesive in the meniscus is only determined by the amount of adhesive in contact with the meniscus, and the geometry by the contact angles. If highly viscous adhesive is used, polymerization may occur before equilibrium is reached, i.e. before the adhesive has completely flown in the meniscus. In this case, the size of the meniscus will also be controlled by the temperature-dependent chemo-rheological properties of the adhesive. These complex transient phenomena could be disregarded in the present study since resin viscosity was rather low at the selected curing temperature.
Results and discussion
Adhesive deposition method
By varying time and temperature in the oven, an adhesive weight ranging from 8 to 80 g/m 2 was obtained on honeycomb as depicted in Figs. 6 and 7. The type and viscosity of the adhesive, as well as the type of transfer paper on the film were crucial factors determining the quantity of adhesive transferring onto honeycomb. These results allow an accurate choice to be made concerning the quantity of adhesive required for skin-to-core bonding; this is of great interest in studying resin meniscus shape as a function of adhesive weight. This method is not limited to the specific core and adhesives used in this study, and can be adapted to any other adhesive presenting viscosity drop with temperature. The temperature in oven should be high enough to allow viscosity drop and the time should be short in comparison to the curing time to avoid reticulation of the resin. As a guideline, the temperature used should be close to the curing temperature of the adhesive when it is cured in about 10 h. Another advantage of this method is that the adhesive is laid directly on top of the cell walls where the resin fillets form during bonding. No excess adhesive is used, (i.e. there is none in the center of honeycomb cells), thereby allowing weight saving without decreasing bonding capability. This method is therefore well suited and accurate to produce ultra-light sandwich panels, and is easily adaptable to automatically deposit adhesive on large panels. One can imagine for example passing the honeycomb panel through two heated rolls pressing the adhesive films on both faces of honeycomb and peeling them after the rolls. By adjusting the pressing load, temperature and speed of the rolls, the adhesive quantity could be chosen.
As all the resin is in the resin fillet between cell walls and the skin, it is then possible, by using the model described above, to predict the geometry and size of the resin fillet based on the adhesive weight.
Fillet size prediction and measurements
The apparent contact angle of the adhesive deposited on the prepreg and Nomex was calculated from the width and height of Fig. 5 . Fillet shape, triangular approximation, and ratio a determining the real shape. Fig. 6 . Adhesive weight laid on honeycomb with 86 g/m 2 EH84 adhesive film.
the drops. Due to the roughness of the honeycomb surface and of the carbon prepreg after peel-ply removal, the adhesive drops did not systematically adopt a regular sessile drop shape. When vacuum was applied, bubbles occasionally formed in the drop and then changed its form. In calculating the contact angle, only the drops with a regular shape were considered (Figs. 8 and 9 ). The contact angles measured are represented in Table 1 . The advancing angles were smaller when the adhesive was cured at 120°C rather than at 80°C. This was due to the lower viscosity of the adhesive at 120°C, enabling the resin to spread more easily than it did at 80°C. The effect of resin viscosity was confirmed by the fact that the difference between advancing and receding angles was more pronounced at 80°C than at 120°C. The receding angles changed only slightly under the different curing conditions. Actually, the pieces of adhesive film laid on the surface did not really retract to form sessile drops, due to the high viscosity of the adhesive, and this caused errors in the measurements. The receding angles were too small to be measured accurately with this method. However, the angles measured could be considered as being at the upper limit of the real receding angles which would form if the resin was less viscous and if the equilibrium state was reached during curing.
The advancing contact angles measured when the adhesive was cured under vacuum were slightly lower than those under atmospheric pressure, but the difference was smaller than the standard deviation and was thus not significant.
The shape factor of the meniscus was then calculated with Eq. (18). The weight per unit area of adhesive as a function of the contact angles and height of meniscus could be determined with Eq. (17).
Meniscus size with adhesive deposition method
When the adhesive deposition method is used, the adhesive stays at the top of the honeycomb cell wall (Fig. 10) . During skin bonding, the adhesive has to spread onto the carbon surface as well as onto the honeycomb surface. Therefore, the advancing angles for both surfaces have to be taken into account in predicting fillet size. The predicted fillet size in these conditions as a function of adhesive weight is represented in Fig. 11 with the height of resin fillet measured on sandwich samples produced with various adhesive quantities. The changing size and shape of the meniscus is illustrated in Fig. 12 and confirms its predicted circular shape, especially in the case of a large meniscus. However the adhesive menisci sometimes have an irregular shape due to the rough surface of the Nomex and prepreg. In fact, small Aramid fibers pointing out of the honeycomb cell wall surface can completely change the meniscus shape, and thus the height of the meniscus differs from the one with a circular shape (Fig. 13) . These irregularities explain the large standard deviation of the measurements. The mean value and standard deviation of 10 measurements is indicated for each case. When comparing the predictions to the actual measurements, it is noticeable that the average size of the meniscus is overestimated by the model (Fig. 11) . In fact the model considers that all the resin is used to form a meniscus between two perfectly smooth surfaces. Actually, as the prepreg and the Nomex are rough, some resin remains between the prepreg and the honeycomb cell wall, instead of forming the meniscus (Fig. 14) . This is accounted for with the following modification of Eq. (17):
where M 0 is the weight per unit area of adhesive not involved in forming the meniscus. The value M 0 minimizing the difference between the measured height and the predicted height with the least squares method is 4.85 g/m 2 . Allowing for this correction, the model describes very well the average size of the meniscus. This model can thus be used for any combination of core, skin and adhesive materials, providing the contact angle of the adhesive on the core and skin materials is known at the curing temperature. The value of M 0 has to be adapted according to the roughness of the cured skin. Furthermore, with the known meniscus size, the assumption that gravity can be disregarded in calculating meniscus shape can be verified. By considering a fillet radius of 0.5 mm, and with the epoxy surface tension according to Page et al. [35] , the Young-Laplace equation (11) gives DP = 70 Pa. In comparison, the pressure exerted by gravity with a 0.5 mm epoxy column is
which is small in comparison, and further confirms the hypothesis of discounting gravity.
Meniscus size with commercial adhesive films
When continuous commercial adhesive films were used for skin-to-core bonding, it was assumed that the contact angle with the prepreg is 0°, as the film completely covered the surface. On the honeycomb, the advancing angle should be considered as for the preceding case. However in the present case a large amount of adhesive remained at the surface of the prepreg in the honeycomb cell instead of forming the meniscus. This was mainly due to the high roughness of the carbon prepreg surface after removing the peel-ply. The mean thickness of the adhesive left on the surface was measured on micrographs. As the surface was very rough, a mean thickness was calculated on each micrograph as shown in Fig. 15 . The mean thickness measured was 21 lm, which corresponds to 25 g/m 2 adhesive. The amount of resin, which was not in the meniscus was then set to 25 g/m 2 in the model which, in this case, predicted very well the size of the meniscus (Fig. 16) . It was also interesting to observe that in the case of a 50 g/m 2 adhesive film on already cured prepreg, half of the resin was not used to bond the core to the skin and merely constituted additional weight. This shows the advantage of the resin deposition method when small quantities of adhesive are used. Another alternative is to use one-shot curing of the sandwich panel, so that part of the prepreg resin can be used to form the meniscus. However this method has the clear disadvantage of producing skin of reduced quality, especially when thin skins are used. In fact the skin compacted under the core only has pressure under the honeycomb cell wall, and not in the center of the cell, where large voids can then be found between the laminas. The skin cured on top of the honeycomb will present the well known telegraphic effect [38] because of the skin penetrating into the honeycomb cells, thus reducing the strength and stiffness of the skin. The adhesive deposition method associated with the meniscus size prediction model is thus a really appropriate method for producing high quality ultra-light sandwich panels.
Conclusions
Bonding between a honeycomb core and CFRP skins was studied with particular emphasis on meniscus formation between the honeycomb cell walls and the skins. A method was developed allowing the quantity of adhesive used for core-to-skin bonding to be tailored, thus making it possible to study the size and shape of the meniscus with controlled adhesive quantities as low as 8 g/ m 2 and up to 80 g/m 2 . To predict the shape of the adhesive meniscus, the contact angles between the adhesive and the Nomex and carbon skin were measured. A very pronounced contact angle hysteresis, due to high adhesive viscosity and rough surfaces, was highlighted. A model was developed to predict the shape and size of the meniscus on the basis of the contact angles. It was shown that the meniscus surface adopts a circular shape at equilibrium when the menisci are small enough to be unaffected by gravity. This was confirmed on the micrographs of sandwich panels' cross-sections.
The model predicting the height of the meniscus showed very good agreement with the measurements on sandwich cross-sections, providing the residual layer of adhesive on the skin surface is taken into account. Prediction of adhesive fillet size and geometry can be used as first step in predicting the microscopic failure mechanisms [39] , and thus the bonding quality between honeycomb core and skin and its influence on sandwich panels' strength [40] .
